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Microfabrlcatsd  last  structures  tor  the  ln-sHu  measurement  ot  adhesion  ol  thin  tiims  nave 
been  dttcribad.  Young's  modulus  and  residual  tensile  stress  are  determined  trom  pre  peel 
measurement  ot  the  toad-dellectlon  behavior  o.  suspended  membranes  On  systems  of  weak 
adhesion,  a  blister  test  using  suspended  membranes  has  been  carried  out.  For  systems  ot  good 
adhesion,  an  laland  test  'structure  has  been  developed  allowing  even  thin  turns  to  be  tested 
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MICROFABRICAVED  STRUCTURES  FOR  THE  MEASUREMENT  OF 
AOHESION  ANO  MECHANICAL  PROPERTIES  OF  POLYMER  FILMS 


Mart  G.  Allan  and  Stephen  0.  Senturia 
Microsystems  Technology  Laboratories 
Massachusetts  Institute  ol  Technology 
Cambridge  MA  02139 


Introduction 

Determination  of  the  mechanical  properties  and  adhesive  strength  of  thin  films  In 
microelectronic  devices  Is  important  both  during  fabrication  and  In  evaluation  of  long  term  device 
reliability.  Many  tests  ol  these  properties  are  available  [1-5],  but  tew  combine  the  advantages  ot  an 
in-situ  measurement  technique  and  compatibility  with  standard  integrated  circuit  processes.  Several 
.types  ol  microfabrleased  structures  lor  the  measurement  ol  the  mechanical  properties  ol  polymer  films 
have  been  fabricated  in  our  laboratory  [6,7];  the  structures  discussed  in  this  work  are  suspended 
(free-standing)  square  membranes  of  a  polymer  ram  supported  on  an  oxidized  silicon  water,  in  this 
paper,  we  report  the  use  of  these  structures  (or  the  in-sliu  measurement  ol  adhesion  ol  polymer  films. 

Sample  Fabrication 

Suspended  membranes  are  made  by  Aral  fabricating  a  square  diaphragm  5  microns  in 
thickness  in  an  oxidized  silicon  wafer  using  photoBhography  and  anisotropic  etching  techniques  [6]. 
The  wafer  is  then  spin-coated  with  the  polymer  ol  Interest  and  the  diaphragm  Is  removed  with  a 
backside  plasma  etch  to  create  a  tree-standing  polymer  membrane.  Square  membranes  ol  a 
BTOA-ODA/MPOA  poiylmide  (cast  without  adhesion  promoter)  from  1  to  25  millimeters  (mm)  on  a  side 
and  ranging  from  6  to  15  microns  In  thickness  have  been  fabricated  using  this  technique. 

Alternate  structures  which  are  based  on  the  suspended  membranes  are  'island*  structures.  - 
To  fabricate  this  structure,  the  square  slBeon  diaphragm  is  defined  so  as  to  leave  a  small  island  ol  thick 
silicon  at  the  center.  The  polymer  Is  then  spin-cast  and  cured  as  (or  the  suspended  membranes.  Upon 
removal  ol  the  slltoon  diaphragm,  the  suspended  membrane  is  left  with  a  small  silicon  island  adhered 
to  Its  center.  This  structure  is  then  used  as  tne  basis  lor  further  adhesion  tests. 

Mechanical  Property  Measurements 

The  residual  strata  and  Young's  modulus  ol  the  film  can  be  determined  by  measurement  ol 
the  load-deflection  behavior  ol  the  membrane  (see  Fig.  1)  [3,7,8).  The  water  Is  epoxled  to  a  substrate 
which  seals  the  cavity  under  the  membrane  end  placed  In  a  chuck  which  permits  the  application  ol 
dilferentlal  pressure  by  use  of  either  a  pressure  source  or  a  microliter  syringe.  The  differential 
pressure  Is  measured  using  a  silicon  pressure  transducer  mounted  in  the  chuck.  The  entire  assembly 
Is  placed  on  a  microscope  stage  with  a  caifcraled  z-axis  and  I he  deflection  d  ol  the  film  at  the  center  ol 
the  membrane  Is  measured. 
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Figure  1.  Membrane  parameters 

A  theoretical  analysis  ol  the  toad-deflection  behavior  has  been  performed  using  membrane 
mechanics  (the  energy  minimization  approach  ol  Timoshenko  [9]),  modified  to  account  lor  the 
presence  ol  residual  stress  [10].  This  leads  to  the  following  relation: 
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where  p  Is  the  appBed  pressure.  E  is  Young's  modulus.  c0  is  the  residual  stress  In  the  (am,  2a  is  me 
length  of  the  square  side,  t  Is  the  film  thickness,  and  d  Is  the  deflection  at  me  center  of  >*•  me^r*na# 
Using  this  approach,  we  have  provtousfy  found  values  of  E-3  GPa  and  <t0»30  MPa  for  this  P^im^e 
[7]! knowledge! of  bom  me  above  equation  and  the  mechanical  property  data  are  necessary  (or  the 
study  of  polymer  adhesion  using  these  structures. 


Adhesion  UuuniMni  •  Suspended  Membranes 

The  su^ended  mambranaa  can  ba  uaad  for  a  maaauramant  of  the  work  of  adhaeion  yt  of 
the  polymer  film  to  tha  sfflcon  doxide  substrate.  By  Increasing  tha  differential  pressure  on  tha  test 
site,  the  Am  wd  peat  od  the  substrata,  forming  a  Meter.  Computer  sirrufatJona  of  the  Meter  vdkima  or 
radius  as  a  function  of  critical  pressure  at  constant  ya  indicate  that  tha  blister  pressure-volume 
characteristic  is  unstable;  once  peat  has  bean  initiated  at  a  fixed  pressure,  the  Mater  wd  grow  without 
bound.  This  phenomenon  has  bean  observed  exparlmantaty  In  previous  applications  of  tha  blister 
test  (11).  Our  experiment  ueee  a  controllad-voluma  loading  to  Initials  and  limit  peal.  This  Is 
accompilshsd  by  injecting  pressurizing  fold  (air)  into  tha  space  under  the  blister  using  a  calibrated 
micrMiar  syringe.  Tha  PVvmrit  necessary  to  past  (and  stretch)  tha  Mater  from  U  initial  to  final  radus  Is 
measured.  The  ln|ected  fluid  Is  then  withdrawn,  and  tha  portion  ol  the  PV  work  that  went  into 
stretching  the  Meter  la  measured.  Thie  procedure  is  Illustrated  graphically  in  Figure  2;  the  Mtaded  area 
is  the  average  y4  times  the  total  area  peeled. 
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Figure  2.  Adhesion  PV  data.  Sold  cfictee  -  during  peel; 
open  era**  -  attar  peeL 


We  have  aleo  carried  out  a  theoretical  derivation  ol  the  critical  pressure  necessary  to  initiate 
petting  of  thin  fttme  of  various  geometries  under  lateral  loading  (pressure)  and  residual  t ensue  stress 
(101,  This  wd  be  useful  as  a  counterpart  to  the  PV  analysis  deacrfced  above,  end  le  used  to  calculate  a 
lower  bound  lor  ya  should  9  be  Impossible  to  nucleate  Maters  without  film  failure.  The  approach 
utilize*  a  fracture  energy  balance  and  requires  knowledge  ot  the  pre-peel  toad-deflection  behavior  ol 
the  suspended  membrane.  From  an  energy  minimization  analogous  to  tha  derivation  of  equation  (1), 
the  load-dellectlon  behavior  ol  lUma  ol  several  geometries  with  residual  tensile  stress  can  all  be 
described  by  the  equation: 

p.lc^  +  ptjr-kjJd  (2) 

where  kt,  iu,  and  k-  are  functions  of  the  geometry  of  the  test  sit*  and  the  type  ol  lilm  (plate  or 
membrane). Tor tNntUme on  inftnftety  rigid  substrates,  the  p*®1  criterion  is: 
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where  A  Is  tha  generalized  load-point  displacement  ol  the  blister  (in  mi*  case,  blister  volume).  da/dA  is 
the  Incremental  dtpandancs  of  blister  elz*  on  blister  area,  end  c1 .  Cj,  and  c3  are 
mechanlcal-property-dependent  oonatant*.  Table  t  give*  the  values  of  the  various  psrameters  in 
equations  (2)  and  (3)  for  three  blitter  geometries:  tha  cfampad  circular  plat*,  the  circular  membrane, 
and  the  square  membrane.  By  substitution  or  (he  appropriate  constants  into  equation  (3),  and 
simultaneous  solution  of  (3)  w*h  the  corresponding  load-deliedlon  relation  (2),  a  value  tor  yt  can  be 
determined  as  a  function  of  tha  critical  debond  pressure  pe .  Thus,  experimental  measurement  of  the 
critical  debond  pressure  can  ba  related  to  ya  ones  tha  mechanical  progenies  of  the  film  nave  been 
accurately  determined. 

Under  certain  conditions,  aquation  (3)  reduces  to  special  cases  which  have  bean  previously 
r*  poned  In  tha  BerHure.  For  example,  In  tha  case  of  a  damped  circular  plat*  with  zero  result  si  stress 
undergoing  smaS  deflections,  (c1  -  Cg  -  0)  the  peel  criterion  (rom  elation  (3)  is: 
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Table  I.  Geometric  constants  for  adhesion  model 
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where  a.  Is  the  eriUeet  center  deflection  at  which  dabond  Mtotee;  this  relation  has  been  obtained  by 
Wtoame  [11].  AlemaUvely,  tor  the  case  ol  a  circular  membrane  undergoing  large  deflection*  with  zero 
residual  stress,  (c^  •  £3  -  0]  the  peal  oterton  tram  equation  (3)  la: 


T,- 0.825  Pjd,,  (5) 

Gent  (12]  has  also  analyzed  this  ease  assuming  a  afignriy  dbferanr  load-deflection  profile  and  nas 
obtained  a  value  el  0.85  tor  the  premuittolytog  factor  In  equation  (5). 

For  square  test  sRes  under  residual  strata  such  as  the  suspended  membranes,  the  relation 
between  7a  and  the  critical  center  deflection  at  which  debond  initsies  is  given  by: 

T,  ■  3.70B  (d^a)4  ♦  4A4d0t  (dgfa)*  (8) 

The  relation  between  y  and  pQ  can  be  obtained  by  eimuianoous  solution  of  equations  (1)  and  (8). 
allowing  determination  ot  7,  from  a  measurement  ol  ather  pe  or  dg  during  peei. 

The  upper  Imt  oty,  which  can  be  measured  using  this  technique  Is  muted  by  the  tensile 
strength  of  the  film  (this  effect  Is  common  In  many  standard  adhesion  tests:  tor  example  the  90*  peel 
test  Is  also  tansfle-etrengtn  Bmttsd).  It  was  determined  that  membranes  fabricated  by  he  standard 
process  and  cure  schedule  could  not  be  peeled;  fBms  always  ruptured  txrtoro  b asters  were  formed. 
For  these  samples,  a  tower  bound  tor  7,  waa  calculated  by  using  the  pressure  at  which  the  turn 
ruptured  as  the  pe  value  tor  the  square  membrane. 

In  order  to  observe  bitter  nudeetton,  I  was  necessary  to  degrade  the  adhesion  of  the 
PVSJO,  Interface.  This  was  done  by  Immersing  ths  ttst  sites  In  9<rC  HjO  lor  varying  lengths  ol  time. 
Table  u  gives  a  summary  of  the  adhesion  data  obtained  from  the  suspended  membranes.  Sample  i 
was  not  subjected  to  any  dagredative  processing  and  burst  before  blister  nudeatton;  a  lower  bound 
tor  7a  was  calculated  from  equation  (6)  to  be  360  J/nr.  At  expected,  adhesive  strength  gentraiiy 
decreased  with  Increased  Immersion  time  (samples  2-8)  s though  this  sited  was  not  investigated 
quantitatively.  Upon  drying,  an  increase  in  adhesive  strength  was  observed  (samples  2.3). 
Agreement  between  the  PV  method  and  equation  (8)  was  observed  to  be  within  50%  except  tor 
sample  4,  which  showed  significant  plastic  deformation,  Invalidating  the  PV  analysis.  Equation  (6) 
usee  orty  one  data  point  to  calcuiatt  ya.  while  the  PV  method  is  tvereged  over  the  entire  wafer.  This 
may  account  tor  dtotreneaa  In  the  two  approaches.  Furthermore,  equation  (6)  Implicitly  assumes  an 
tncremirtaty  symmetric  peel,  which  Is  not  strtctfy  correct  lor  the  square  membrane.  However,  as  peel 
of  the  square  membrane  continues,  a  circular  busier  Is  formed,  allowing  application  of  the  appropriate 
form  of  equation  (3).  These  Calais  are  presently  under  study. 

Adhesion  Measurements  •  island  Structures 

The  suspended  membrane  Meter  test,  Ike  other  peel  tests,  Is  limited  by  the  tensile 
strength  of  the  flm.  One  way  to  overcoma  lhle  problem  is  to  use  thicker  films  (13).  in  the  busier  test, 
we  have  addtoonal  flcxtbfflty.  Different  geometries  tor  the  microisbricsted  site  ere  possible  which  can 
tacit  tats  peel  of  thinner  (bus  even  In  eyitems  with  very  good  adhesion. 

Equation  (3)  suggests  that  H  a  geometry  can  be  found  In  which  da/dA  can  be  Increased, 
larger  vetoes  el  7.  may  be  measured  at  the  earns  toad.  For  simple  blisters,  this  dertveilve  is  inversely 
proportional  to  the  membrane  size  (Table  l).  Decreasing  the  membrane  size  fait*  since  the  deflection 


Table  If.  Adhesion  data 
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A  w*  afao  decrease.  This  problem  la  overcome  m  the  Island  structure  shown  m  Figure  3.  whara  (ha 
polymer  fibnwll  bo  peeled  only  ocrThe  center  wand.  The  deflection  A  Is  a  function  of  the  dWerencasj 
•  a. .  whara  2#]  Is  the  characteristic  size  (edge  langth  or  diameter)  oi  lha  enilra  suspended  membrane, 
while  2at  la  lha  characteristic  aiza  of  lha  Island.  However,  lha  derivative  da/dA  is  proportional  only  10 
i/a,.  Thus,  a  largo  geometric  advantage  can  be  obtained  by  decreasing  a,  while  keeping  a 2  *  *1  larga- 
Although  the  crtlcal  pnsaaure  analysis  lor  the  Island  structures  la  considerably  more 
complicated  than  for  the  simple  Mel  eta.  an  approximate  relation  between  p.  and  ya  based  on  s  circular 
geometry  can  be  developed.  For  a  membrane  whose  load-dellectlon  behavior  Is  dominated  by 
residual  tensle  stress  and  which  Is  suspended  over  a  circular  annulus  of  inner  radius  a,  and  outer 
raftjsag.Ya  *  rawed  to  by: 


T, 


»q>t  h8 


(7) 


where  B  la  defined  aa  the  annular  ratio  a 2/  a,.  Although  approximate,  I  is  Instructive  to  examine  the 
ImMlng  behavior  ol  aviation  (7).  As  S  approaches  unity,  y,  approaches  zero  (slnee  no  film  Is  exposed, 
no  adhesion  can  be  measured  even  at  WIW»e  pressure),  whie  as  0  approaches  infinity,  ya  gels  large 
for  any  pressure  p_.  Thus,  1  la  theoretically  possWe  to  measure  large  Y,  values  at  pressures  less  than 
the  utimais  tsnaSe  areas  of  lha  11m  by  making  the  carter  island  sufficiently  smal 

Conoantrte  square  Wan d  structures  have  bean  fabricated  with  an  outer  size  (2a2)  ol  10  mm 
and  Irmar  aiza  (2a,)  ol  1  and  2  mm.  Smaler  a,  vaktaa  can  bo  obtained  by  underetching  the  film  on  a  i 
mm  Island  unfl  only  0.25  mm  or  even  0. 1 25  mm  sections  of  tht  film  remain  adhtred  to  ths  center 
island  (Figure  9b).  Peal  has  baen  achieved  using  thass  undtrttchtd  structures.  Although 
flnita-efemani  analysis  oi  the  square  Wand  structure  w«  be  required  to  generate  soairate  values  of  y, 
frem  observed  defend  praaauraa,  order  of  magnitude  values  of  Yt  can  be  obtained  trom  aquation  (7). 
Preliminary  experiments  Indicate  that  such  values  are  In  the  rang#  of  1000-3000  J/m  .  In  fair 
agreement  with  valuae  obtained  from  appBcatlon  of  the  peel  test  to  thicker  turns  (13). 


Flow*  X  Wand  adhesion  structures. 

(a)  (Ida  view,  (b)  elds  view  •  undoretched  dm;  (e)  lop  view 

Conclusion* 

Mlcrofabrteated  MM  structures  tor  ths  ln.an u  m*«sur*m*m  of  adhesion  or  min  Dims  nave 
bssn  described.  Youngs  modulus  and  rasidual  tonsil*  strata  art  dstsrmlned  from  pre-peel 
measurement  ol  the  load-deflection  bsnavtor  ol  sutpandad  mambranaa.  On  tyttamt  ol  weak 
adhesion,  s  bister  test  using  suspandad  mambranaa  has  baan  carried  out.  For  systems  ol  good 
adhesion,  an  Island  last  structure  has  baan  developed  allowing  even  thin  films  to  be  lasted. 
Mechanical  models  (or  al  three  structures  are  deaertoed. 
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